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Abstract 
This paper describes quantitative evaluation of the nugget size and shape of resistance spot welds on stainless steel using 
ultrasonic pulse-echo amplitude. Here an empirical formula has been derived for predicting spot weld nugget diameter for sample 
having different thickness. The reliability as well as the accuracy of the empirical equation has been verified by comparing the 
calculated results based on ultrasonic response with the results obtained by X-ray (Radiography) and destructive testing. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Department of Mechanical Engineering, Bangladesh University of 
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1. Intoduction 
Resistance spot welding is considered as the dominant process for joining sheet metals in automotive industry. 
Typically, there are about 2000–5000 spot welds in a modern vehicle. Simplicity, low cost, high speed (low process 
time) and automation possibility are among the advantages of this process [1]. Spot weld nugget diameter is 
generally hidden between two sheets which makes its inspection difficult. When viewed exteriorly spot weld usually 
appear as dimples. Undersized nuggets, brittle or cracked nugget and excess indentation of electrodes reveals the 
lack of bonding between the parts that can make the weld substandard. So spot weld is needed to be inspected 
carefully since quality and mechanical behaviour of spot welds significantly affect durability and strength of the 
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welded body.  Conventional methods for testing spot weld are to observe the spot weld cross sectionally or to drive 
a cold chisel between spot welded sheets to confirm whether the sheets will pry apart and diameter of the spots are 
measured with a calliper [2]. These methods are time and labour consuming and tested part is destroyed, which 
cannot be applied for inline testing [3]. Engineers aspiring towards the non destructive evaluation of spot welds have 
developed various methods such as neutron radiography [4], digital shearography [5], etc. However they cannot be 
considered reliable for the non destructive testing of spot welds since these technologies still has problem with the 
visibility and are very operator dependent. But, ultrasonic techniques have high potential in evaluating the metal 
defects and discontinuities [6-10]. In case of ultrasonic technique, sample thickness can largely be varied. If high 
frequency probe (in the range of 30-100 MHz) is used then very thin sample in the range of 100 μm to 1 mm can 
easily be inspected [11]. This paper describes a C-scan method to evaluate spot weld nugget shape and size 
quantitatively by using normally incident longitudinal wave (LW) beam. The accuracy as well as the reliability of 
the nugget size and shape reconstruction has been verified by comparing results with the actual nugget size and 
shape observed after destructive testing. 
2. Experimental details 
      An experimental Setup of 5 degree of freedom has been made using locally available material. This 
experimental setup has been used in combination with the EPOCH 1000i flaw detector as shown in Fig 1(a) to scan 
the test piece. This setup is capable of giving scanning option in X, Y and Z directions and also in two angular 
planes. The setup is consisting of four stages. The maximum possible scanning area is around 5inchX2inch which is 
sufficiently enough to scan the spot weld samples with a resolution of 0.3 mm. Two pairs of sheets of stainless steel 
one having dimension (3inch× 1inch) and thickness 3mm and other having dimension (3inch×1inch) and thickness 
2.5mm have been cut using the sheet cutting machine. After cutting, the surfaces of the sheets have been polished by 
using emery paper and then NIMAK PMP 6-1 model spot welding machine has been used for creating the spot weld 
as shown in Fig 1(b). Voltage and current used for making samples are 440 KV and 10500A which have been kept 
constant. After preparing the samples, the samples have been tested by using ultrasonic pulse-echo technique using 
EPOCH 100i flaw detector and radiography test method. 
 
 
Fig 1. (a) Experimental Setup (b) Geometry of the specimen having spot weld 
 
  For ultrasonic testing a single flat pulse-echo transducer transmitting LW has been used for both generating and 
detecting the elastic waves. The space between the transducer and the top surface of the specimen has been filled 
with water used as a medium for ultrasonic LW propagation. The distance between the probe and the specimen top 
surface was kept fixed at 30mm, ensuring far-field measurements as shown in Fig 2(a). The probe is placed in such a 
fashion that the incident beam is always normal to the surface of the sample. The transducer has been used to scan in 
X and Y directions manually over the top surface of the specimen. Measurements have been performed at every 
0.3mm interval of the probe position. All testing have been performed at room temperature using two types of probe 
having frequency of  5 and 10 MHz. 
For ultrasonic testing three echo pattern are observed when an ultrasonic beam incident on the developed test 
piece which are shown in Fig 2(b). Echo’s are- (1) top surface echo, (2) interface echo and (3) back wall echo. When 
ultrasonic beam incident on the test piece two things happen due to the different in the acoustic impedance of the 
material and the surroundings: (a) a part of the energy reflected from the top surface of the test piece and return to 
the probe, (b) another part of the energy transmitted through the test piece. The first reflected energy after the 
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incident of the beam is known as the top surface echo, as this echo comes from the top surface of the test piece this 
echo contains highest energy of the incident beam and for this reason this echo shows maximum echo-amplitude in 
the oscilloscope. Some part of the incident beam transmitted into the test piece. With the test piece having interface 
this transmitted wave reflects from the interface and produce second echo. If there is no interface in the sample then 
the transmitted wave propagates further and reflects from the backwall in this case the echo is termed as third echo. 
These three echoes can be seen in Fig. 2(b) and the surfaces from which they back to the probe can be seen in Fig. 
2(a). The time difference among the different echoes depends on the time of flight of sound to come back to the 
probe. Echo that comes later give smaller echo amplitude due to the attenuation of energy for longer travel distance. 
 
 
 
 (a)    (b) 
 
 
 
 
 
Fig 2. (a) Schematic of ultrasonic testing (b) Echoes observed during ultrasonic test 
The energy inside the test piece due to transmission of  part of the incident beam gives multiple reflection 
between top and back/interface until it completely dampens out and that is why in Fig. 3 apart from top surface 
echo, interface echo and back wall echo other echoes can be seen. In our experiment, when probe moves from 
unwelded to welded zone height of interface echo and back wall echo changes. At unwelded zone interface echo 
height is 2nd maximum as shown in Fig. 3(a), since in unwelded zone there is no solid bonding between two sheets 
so the backwall echo of the top sheet becomes the interface echo. The interface echo height  decreases when the 
probe moves from unwelded zone to welded zone as shown in Fig 3(b), this happened because close to welding zone 
a portion of the diverging beam transmitted to the second sheet. At fully welded zone there is no interface, therefore, 
the interface echo completely disappears as shown in Fig 3(c). For our analysis only the interface echo amplitude  
has been recorded in the scanning process. After Ultrasonic and radiographic testing samples have been heat tinted 
and broken to find out the actual nugget size and shape on the fracture surfaces. 
 
   
Fig 3. Interface echo when the probe is at (a) unwelded zone (b) closer to welded zone (c) welded zone 
Second- Interface Echo 
Third- Back wall Echo 
First- Top Surface 
Echo 
(a) (b) (c) 
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3. Results and Discussion 
The line scan (B-scan) results along the length of the specimens presented in Fig. 4 where along X-axis probe 
position (x in mm) and along Y-axis echo amplitude in %FSH( Percentage Full Screen Height). In Fig. 4(a) 5 points 
(A, B, C, D and E) have been taken along the length of the specimen. Point A which is at unwelded zone shows 
amplitude about 82% as in this point beam is far away from welded zone and as the probe moves towards the 
welded zone amplitude drops gradually and when the probe is at point B  part of ultrasonic beam falls on the welded 
(bonded) side and other part falls on the unwelded side  and when probe completely moves from the unwelded zone 
to the welded zone then the full beam falls on the welded zone designated by point C and amplitude drops to around 
zero and again when probe moves from welded zone to unwelded zone amplitude rise gradually as shown by point 
D and reach to point E where amplitude again becomes 80% of FSH. The 80% FSH is taken as the reference 
intensity in decibel-drop technique. Slight deviation of amplitude for the unwelded zone in case of high frequency 
probe (10 MHz) is observed as in Fig. 4(b) and 4(c). This deviation occurred because, high frequency ultrasound is 
sensitive to surface condition of the sample. However, this deviation does not affect the result of our calibration 
equation, because only the amplitude obtained just across the welded zone was sufficient for the analysis. Also, in 
our experiment we were unable to detect any response when we tested sample 2 using  5 MHz frequency probe since 
sample 2 had low thickness (5mm). Also, from Fig. 4(a) we see nugget diameter obtained from ultrasonic test for 
sample 1 was 3.6 mm when 5 MHz frequency probe was used whereas actual nugget diameter was 5mm. When 10 
MHz frequency probe was used nugget diameter was found 4.2 mm Fig. 4(b) in case of sample 1 and incase of 
sample 2 nugget diameter was found 4.43mm Fig. 4(c) whereas actual nugget diameter for sample 2 was 5mm. 
These results verify that 10 MHz probe gives much more reliable results than 5MHz. The line scan can only gives 
the dimension of the nugget along the scanning line. For evaluating  nugget shape we need C-scan result. From the 
series of line scan results we prepared the c-scan image. The comparison of  results of spot weld nugget shape 
evaluated using 5MHz frequency and 10 MHz frequency with the results obtained from destructive and radiography 
test are presented in Fig. 5. In Fig. 5(a) 2D image of the nugget has been created by plotting the line scan results at 
0.3mm interval along the X-axis and Y-axis in excel. Similar procedure has been followed for Fig. 5(b) and Fig. 
5(c). These 2D images are known as C-scan image in the field of NDT. Figure 5(d), 5(e) and 5(f) shows the results 
obtained from destructive test where is area brighter than any other area in the sample is the welded zone because of 
the heat tinting process and  Figure 5(g), 5(h) and 5(i) shows the results obtained from radiography method where 
dark circular area showing the shape of the nugget. In Fig. 5 we can see that nugget shape obtained from ultrasonic 
immersion method using 5 MHz frequency probe for sample 1 Fig. 5(a)  is close to the shape obtained from 
destructive test Fig. 5(d) and radiography test Fig. 5(g). But in case of testing by 10MHz probe Fig. 5(b), shape of 
the nugget is much more closer to the shape of nugget after destructive test Fig. 5(e) and radiography test Fig. 5(h). 
Similar results can be seen for sample 2 Fig 5(c), 5(f) and 5(i). 
 
   
 
Fig 4. Line scan results along the length of the specimen (a) Specimen 1; 5MHz,  (b)Specimen 1; 10 MHz and (c) Specimen 2; 10 MHz. 
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Fig 5. Comparison of evaluated spot weld nugget shape for specimen 1 and 2 using 5 MHz and 10MHz frequency probe with the actual nugget 
shape obtained from destructive test and radiography test. (a) Ultrasonic test (sample 1 using 5MHz probe).  (b, c) Ultrasonic test (sample 1 and 2 
using 10MHz probe). (d, e) Actual nugget shape obtained from destructive test (sample 1).  (f) Actual nugget shape obtained from destructive test 
(sample 2). (g, h) Nugget shape obtained from radiography test (sample 1). (i) Nugget shape obtained from radiography test (sample 2). 
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By testing spot weld nugget diameter for 5MHz frequency and 10 MHz frequency for different thicknesses an 
empirical calibration equation has developed which is given below where values of constants are evaluated by a 
computer algorithm. 
 
Des = 1.100176 f-0.3393. DUT1.526026 for t>5mm         (1) 
 
For a given values of frequency and diameter obtained from ultrasonic test actual diameter can be estimated from 
Eq. (1).  Where t is sample thickness. Note that Symbol Des refers the estimated diameter from the calibration 
equation and the symbol DUT refers the diameter obtained by the experiment. 
If a component having known nugget diameter is tested after a period of time for its condition monitoring, then if 
the tested data show the same nugget diameter, the sample can be considered as good as before, but if the tested data 
show undersized nugget (i.e., the diameter of a nugget, which is smaller than the desired or required diameter of the 
nugget), then there must have some crack or separation in the nugget and the component becomes weak. In this way 
the technique can easily be used for condition monitoring by testing brittle or cracked nuggets. 
4. Conclusion 
The spot weld nugget shape and size are successfully evaluated using the ultrasonic response of small nugget in 
stainless steel components. The precision of this evaluation verifies the capability of the proposed method. In this 
paper a new calibration equation has been developed in terms of probe travel distance having zero interface echo 
and the frequency of the probe used. Results of the present study show that nugget shape and size evaluation 
sensitivity can be increased significantly with higher frequency. The present ultrasonic method is thus verified to be 
a powerful tool for determining small nugget size and shape. 
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